BACKGROUND
Electronic nicotine delivery systems (ENDS), commonly known as electronic cigarettes or ecigarettes, encompass a variety of products that provide nicotine and/or other additives to the user. The vast majority of ENDS products fall into three broad categories: cigarette-like e-cigarettes; medium-size pen-style e-cigarettes, popularly known as 'e-hookahs', 'hookah pens', or 'vape pipes'; 1 and large tank-size e-cigarettes known as 'advanced personal vaporisers (APVs)' or 'Mods'. Depending on the refillability of the liquid solution (e-liquids) and rechargeability of its power source, ENDS can also be grouped into two major categories: disposable and reusable/refillable/rechargeable e-cigarettes. A disposable e-cigarette is no longer useable once its battery is drained or e-liquid is exhausted. Depending on the brand and nicotine concentration, a disposable e-cigarette can be equivalent to one to two packs of conventional cigarettes. Reusable e-cigarettes are assembled using rechargeable or replaceable batteries and refillable cartridges, and can be used many times.
Awareness and use of e-cigarettes have increased sharply in recent years. Two recent studies reported that awareness of e-cigarettes among US adults increased from 40% in 2010 to 58% in 2011, while ever use grew from 3.3% to 6.2%. Similarly, ever use of e-cigarettes among US youth more than doubled from 3.3% in 2011 to 6.8% in 2012. 2 3 The rapid increase in e-cigarette use, particularly among youth, has generated concerns in the public health field given the absence of regulations on product standards and the limited scientific evidence on the health impact of e-cigarette use and secondhand vaping. 4 Some argue that lack of measures restricting youth access, aggressive marketing, low price and widespread availability of flavoured e-cigarettes may have contributed to the rapid growth of e-cigarette use among youth and young adults. 5 Many are also concerned that e-cigarette use among youth may serve as a gateway to other tobacco products and substance use, leading to lifelong nicotine addiction.
Given these concerns, various policies have been proposed to address the rapid growth of e-cigarette use among youth, including setting minimum purchase age, limiting youth access, licensing e-cigarette sales, restricting e-cigarette marketing and sale of flavoured e-cigarettes, limiting samples and taxing e-cigarettes. The impact of taxes and limits on price-reducing marketing will depend on how demand for e-cigarettes responds to price changes, that is, the price elasticity of demand for e-cigarettes. To date, no published studies have estimated the price elasticity of e-cigarette demand. In addition, very little is known about the substitutability between different types of e-cigarettes and how tax-induced price changes may affect the demand for different types of e-cigarettes. This paper fills this gap by estimating the own and cross-price elasticity of demand for disposable and reusable e-cigarettes using sales and price data obtained from a commercial store scanner database. In addition, it also addresses an important and understudied topic: the relationship between e-cigarette sales and existing tobacco control policies, focusing on conventional cigarette prices and smoke-free policies that, until recently, have primarily covered conventional cigarettes. A better understanding of the relationship between e-cigarette sales and cigarette prices and smoke-free policies can help inform the discussion and adoption of appropriate polices that reduce the use of both e-cigarettes and conventional cigarettes among youth.
METHODS Data
The data used in this study come from the store scanner data compiled by the Nielsen Company and consist of quarterly prices and sales of e-cigarettes for 52 US Nielsen markets from 2009 through 2012. A Nielsen market consists of groups of counties centred on a major city. In many cases, counties in the same Nielsen market belong to different states, as a Nielsen market can cross state borders and cover areas in two or multiple states. Nielsen markets are similar to metropolitan statistical areas (MSAs), but the delineation of Nielsen markets and MSAs is different. The Nielsen store scanner data contain detailed information on e-cigarette retail prices and sales, and are gathered directly from Nielsen's participating retailers, which include food, drug and mass (FDM) stores in 52 US markets and convenience stores in a subset (25) of markets. These data allow us to identify the product type (reusable vs disposable), as well as dollar sales amount and sales volume of a given type of e-cigarette product in a Nielsen market. Nielsen participating retailers include mass stores (such as K-Mart and Target), drug stores (such as CVS, Walgreens and RiteAid), grocery stores (such as Kroger, Food Lion, Publix, Safeway, Albertsons and Winn Dixie) and convenience stores, including those at gas stations (such as 7 Eleven, Shell, Circle K, BP and Exxon). While sales data were provided separately for convenience stores, sales in FDM stores were combined by Nielsen. The population residing in those 52 Nielsen markets represents approximately 80% of the total US population.
Measures
Per capita e-cigarette sales volume: For each market and quarter, separately for FDM and convenience stores, Nielsen provided us sales units for all e-cigarette products sold by its participating retailers. The sales volume for a given e-cigarette product in a given market/quarter/store type was calculated by multiplying the total sales units for that product in that market/quarter/store type with the number of e-cigarettes contained in one single sales unit (one sales unit may contain more than one e-cigarettes, eg, each sales unit of Njoy King 3 Pack contains three e-cigarettes). The total sales volume was derived by summing the sales volume for all e-cigarette products, separately for disposable and reusable e-cigarettes. We analyse reusable and disposable e-cigarettes separately because of the considerable differences in product characteristics and prices. The dependent variable in our analysis-per capita sales volume-was constructed by dividing the total sales volume in a market/quarter/ store type by the total population in that market/quarter. In our data, sales for reusable e-cigarettes became available starting from 2010, and disposable e-cigarette sales from late 2009. Both products were not sold in all 52 markets in all quarters; as a result, analyses of reusable e-cigarette sales have fewer observations than those for disposable e-cigarettes (474 vs 569).
Inflation-adjusted e-cigarette prices:
The average e-cigarette price per piece in a given market/quarter/store type was calculated by dividing total dollar sales by sales volume in that market/quarter/store type. The e-cigarette price variable used in our analyses was adjusted for inflation using the Consumer Price Index (indexed to 1 for the last quarter of 2012) obtained from the Bureau of Labor Statistics.
Inflation-adjusted cigarette prices: The average inflationadjusted cigarette price per stick in a market/quarter/store type was constructed using the same methodology for constructing e-cigarette prices, described in the previous paragraph.
Smoke-free policies: Market-level quarterly smoke-free policy measures were created using data from the American Nonsmokers' Rights Foundation US Tobacco Control Laws Database, which take into account both state and local smokefree policies. The smoke-free policies were constructed from county-level measures using the weights of the percent of a county's population in a given market. Three continuous variables with the value ranging from 0 to 1 were constructed to capture the percent of total population within a Nielsen market covered by a 100% smoking ban (a complete ban without any exemptions) at the end of each quarter for three venue types: bars, restaurants and private workplaces. A final variable reflecting the average of these three variables was used in our analyses in order to capture the extent of smoke-free policies in each Nielsen market for each quarter.
Inflation-adjusted cigarette taxes: The cigarette tax in a market/quarter used in our analyses was constructed as the county population weighted cigarette taxes that were effective at the end of each quarter in the counties that comprise each market. In cases where there were no local taxes, county cigarette taxes were the same as state cigarette taxes. In some cases, where there were local taxes (either city or county taxes on top of state taxes), the county tax was constructed as the subcounty division population weighted cigarette taxes. The tax measure was adjusted for inflation following the same approach used for prices. 
Empirical models
Market-store fixed-effects models were used to estimate the own price elasticity of demand for e-cigarettes. The baseline fixed effects models were specified as follows:
LnðEcig Sales VolumeÞ market=quarter=storetype
The dependent variable in equation 1 is the natural log of per capita e-cigarette sales volume in a market/quarter/store type. The key independent variable is the inflation-adjusted e-cigarette price per piece, also in log form. The estimated β 1 represents the own price elasticity of demand for e-cigarettes. Year is a vector of dichotomous variables that captures time-varying influences on e-cigarette sales that are common to all markets. Quarter is a vector of three dichotomous variables (the first quarter was omitted as the reference category) that captures seasonality in e-cigarette sales. Market-store dummies are dichotomous variables for each market and store type that capture the influence of market-store-level characteristics that are constant over time within a market and store type but that vary across markets/stores. Equation 1 was estimated separately for disposable and reusable e-cigarettes.
To estimate cross-price elasticity between disposable and reusable e-cigarettes, the following models were used: 
The estimated β 2 from equations 2 and 3 reflect cross-price elasticity of demand, which would reveal how changes in disposable e-cigarette price influence sales of reusable e-cigarettes and vice versa.
To investigate the associations between e-cigarette sales and cigarette tax/price and smoke-free policies, inflation-adjusted cigarette tax/price (in log form) and smoke-free policies were added to equations 1, 2 and 3.
Sensitivity analyses were also conducted by adding marketlevel demographic and socioeconomic characteristics to the above-specified market-store fixed-effects models (results in online supplementary appendix table 3).
To examine whether price elasticities differ by store types, we conducted analyses separately for FDM and convenience stores. In those analyses, market-store fixed effects in equations 1-3 were replaced by market fixed effects.
RESULTS
Summary statistics for key variables are presented in table 1. Average quarterly sales volume for disposable e-cigarettes in a Nielsen market was approximately 11 100 pieces (0.002*5.55 million), almost four times higher than that of reusable e-cigarettes (3000 pieces, 0.00051*5.99 million) between 2010 and 2012. Average inflation-adjusted retail price for reusable e-cigarettes was significantly higher than that of disposable e-cigarettes ($27.9 per piece vs $10.1 per piece). Average inflation-adjusted retail price for cigarettes in a Nielsen market was $5.40 per pack ($0.27*20). Market-level average inflation-adjusted cigarette tax was $1.28 per pack in the reusable e-cigarette sample and $1.37 per pack in the disposable e-cigarette sample. Average smoke-free index was 0.62 in the reusable e-cigarette sample and 0.65 in the disposable e-cigarette sample, indicating on average approximately 62% (65%) of the total population within a market were covered by 100% smoke-free bans at bars, restaurants and/or private workplaces. There were significant differences in the sales between FDM and convenience stores. For both disposable and reusable e-cigarettes, sales were at least five times higher in convenience stores than in FDM stores. Table 2 summarises the main findings from our analysis, with the first five columns presenting estimates for disposable e-cigarettes and the last five columns showing estimates for reusable e-cigarettes. For each e-cigarette type, it starts with a baseline market-store fixed-effects model, followed by incorporating smoke-free policies, cigarette tax, and cigarette price, sequentially, into the baseline model. Cross-price elasticity estimates are presented at the very end (columns 5 and 10). The estimated price elasticities of demand for disposable e-cigarettes cluster around −1.2, indicating a 10% increase in disposable ecigarette price would reduce its sales by 12%. The estimated price elasticities for reusable e-cigarettes centre around −1.9, implying a 10% increase in reusable e-cigarette price would reduce its sales by about 19%.
Cross-price elasticity analyses show that an increase in reusable e-cigarette price would increase sales of disposable e-cigarettes (cross-price elasticity 0.5, indicating 10% increase in reusable e-cigarette price would increase the sales of disposable e-cigarettes by about 5%). Similarly, an increase in disposable e-cigarette price is positively associated with the sales of reusable e-cigarettes (cross-price elasticity 1.2); however, it is not statistically significant. Cigarette prices are positively associated with sales of ecigarettes regardless of e-cigarette types, indicating, everything else constant, markets with high cigarette prices have higher ecigarette sales. However, the association is not statistically significant. The estimated coefficients for the cigarette tax are negative and not statistically significant for disposable ecigarettes. The differences in the results between cigarette price and cigarette tax are likely due to the differences in how closely these two variables reflect the actual prices that smokers paid for cigarettes. As explained in the previous section, the cigarette price variable used in our analyses reflects market-store-level average cigarette retail prices, constructed directly from Nielsen store scanner data, and is a good approximation of the prices smokers actually pay. The cigarette tax variable, on the other hand, reflects the county population weighted average cigarette tax within a market and is therefore not a direct measure of prices and does not capture cross-border shopping in markets that cross state lines and/or those with significant local taxes.
Smoke-free polices are negatively associated with disposable e-cigarette sales in the own price elasticity models, suggesting markets where a lower proportion of the population is covered by 100% smoking bans have higher disposable e-cigarette sales. In the cross-price elasticity model, the association between smoke-free policies and e-cigarette sales is positive but not statistically significant. The same is true for reusable e-cigarettes as well.
There are significant time and seasonality effects in e-cigarette sales. Annual sales of both disposable and reusable e-cigarette increased significantly from 2009 to 2012. Compared with the first three quarters, the fourth quarter of a year had the highest sales in our analyses. Table 3 summarises the results from the analyses broken down by store types. For disposable e-cigarettes, the magnitude of own and cross-price elasticity estimates in FDM stores is similar to that in convenience stores; however, the latter is not statistically significant. The smoke-free policies are negatively associated with sales in own price elasticity models in FDM stores, but are positively, but not statistically significantly, associated with sales in cross-price elasticity models and in convenience stores. There are no consistent relationships between cigarette tax/price and e-cigarette sales, with the sign flipped between FDM and convenience stores, and the estimates statistically significant in some models but not in others.
For reusable e-cigarettes, the estimated own price elasticities are vastly different between two types of stores. In FDM stores, own price elasticities centre around −0.4 and are not statistically significant. In convenience stores, however, the magnitude of own price elasticities are much larger, around −3.3, and highly statistically significant. Smoke-free policies are positively associated with sales, but the relationship is not statistically significant. The inconsistent relationship between cigarette tax/price and e-cigarette sales observed for disposable e-cigarettes also exists for reusable e-cigarettes.
CONCLUSIONS AND DISCUSSION
While e-cigarette sales in retail stores in the US have grown rapidly, increasing from $190 million in 2010 to $700 million in 2012, 6 researchers have yet to unravel many key questions such as the health impact of e-cigarette use and exposure to secondhand vapour, initiation of e-cigarette use and subsequent regular cigarette use among youth, dual use of e-cigarettes and other tobacco products, and the efficacy of e-cigarettes as a cessation tool. Because of its novelty, lack of scientific evidence, absence of federal regulations and uncertainty of viable policy solutions, state and local governments have struggled to come up with appropriate policies to limit youth e-cigarette use and non-users' exposure to e-cigarette vapours. This is the first paper to examine the potential impact of price-related and tax-related policies on e-cigarette use by assessing the own and cross-price elasticity of demand for e-cigarettes. We found that price is a key determinant of the sales of both disposable and reusable e-cigarettes. A 10% increase in price reduces sales of disposable e-cigarettes by approximately 12%, and by about 19% for reusable e-cigarettes, suggesting that policies altering e-cigarette retail prices, such as limiting rebates, discounts and coupons and imposing a tax, could potentially lead to significant reductions in e-cigarette use. Compared with the price elasticities for conventional cigarettes, which cluster around −0.2 to −0.6, 7 our price elasticity estimates for e-cigarettes are 2-3 times larger, indicating sales of e-cigarettes are very sensitive to changes in their prices. Two factors may explain this; first, many e-cigarette users may be experimenting and are thus more sensitive to price changes. Second, our price elasticity estimate captures only a subset of e-cigarette productse-cigarettes sold in Nielsen participating retailers. It left out online e-cigarette sales and pen-style or tank-size e-cigarettes, which are mostly sold in vape shops. Because of the substitutability between store-sold e-cigarettes and e-cigarettes sold online and in vape shops, price elasticity for the former alone would be more elastic compared with the price elasticity for the whole e-cigarette category.
Our study also reveals there are considerable cross product price effects between different types of e-cigarettes. A 10% increase in reusable e-cigarette price would increase sales of disposable e-cigarettes by about 5%. A disposable e-cigarette price increase has a positive, but not statistically significant, impact on reusable e-cigarette sales. This implies that differential tax policies based on e-cigarette product type could lead to cross product substitution and switching, and have implications for the impact of specific versus ad valorem excise taxes, given their differential impact on price for products at different price levels.
In addition, we also uncovered some interesting relationships between cigarette prices/smoke-free policies and e-cigarette sales. Specifically, we found that disposable e-cigarette sales were higher in markets where less of the population was covered by 100% smoking bans at restaurants, bars and workplaces. This is consistent with the findings based on the observational studies that examine the availability of e-cigarettes in retail stores, 8 which may reflect the greater availability and selective/targeted marketing and promotion of e-cigarettes in areas where there are more smokers.
8 Reusable e-cigarette sales were higher in markets with more of the population covered by 100% smoking bans; however, the association was not statistically significant. There was no consistent and statistically significant relationship between cigarette price/tax and e-cigarette sales, which may partly reflect the complex dynamics between existing tobacco control policies and e-cigarette sales. On the one hand, higher cigarette prices and stronger smoke-free policies may provide incentives for smokers to experiment and use e-cigarettes; on the other hand, the e-cigarette industry may target markets where there are more smokers, that is, markets with relatively weak tobacco control policies. Detecting the causal impact of existing tobacco control policies on e-cigarettes is difficult given the short time period e-cigarettes appeared in retail stores in the USA and the rapidly evolving e-cigarette industry/market.
We also detected seasonality in e-cigarette sales, with the fourth quarter sales significantly higher than those in other quarters. A recent study found that e-cigarette marketing expenditures were markedly higher in fourth quarters during our study period, 9 which might explain higher fourth quarter sales in our analysis.
Our study has several limitations. First, our data only capture e-cigarette sales in Nielsen participating retailers, so our price elasticity estimates reflect only a subset of total e-cigarette sales. APVs and a large portion of medium-sized pen-style e-cigarettes, which are mostly sold online or in vape shops, were not captured in our study. Second, the Nielsen data do not track online e-cigarette sales, so our analyses did not take into account the proportion of online e-cigarette sales, which may account for between 40% and 60% of total e-cigarette sales according to some financial analysts. 10 Third, because our data were aggregated at the market level, we were unable to estimate price elasticity separately for important subpopulations, such as youth, young adults, racial/ethnic minorities, those with low incomes and/or mental health problems. More research is needed to better understand how the relative prices of e-cigarettes and cigarettes affect the mono/dual use of these products, and transitions between them.
Despite these limitations, our study demonstrates that policies that alter e-cigarette prices would likely lead to significant changes in e-cigarette use. As a result, policies that increase e-cigarette prices are likely to reduce e-cigarette consumption among youth and adults. Whether such policies would improve overall public health is unclear, given the uncertainties about how e-cigarette affects initiation, cessation, dual/poly use, as well as its long-term health impact.
What the paper adds ▸ While much is known about the demand for conventional cigarettes, little is known about the determinants of demand for electronic nicotine delivery systems. ▸ This is the first paper to examine the potential impact of price-related and tax-related policies on e-cigarette by assessing the own and cross-price elasticity of demand for e-cigarettes. We found that sales of e-cigarettes are very sensitive to price changes. Policies increasing e-cigarette retail prices could lead to significant reductions in e-cigarette sales, and substitution between different types of e-cigarettes.
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